INTRODUCTION
============

Osteoclasts are the cells responsible for bone resorption during bone remodeling along with bone-forming osteoblasts and the fine balance between the activities of these two cells is essential for maintaining bone homeostasis ([@b2-molcell-37-10-747]). Bone homeostasis is delicately regulated by various factors ([@b26-molcell-37-10-747]), and an imbalance in bone remodeling can result in a variety of bone diseases in humans, such as osteoporosis and rheumatoid arthritis as well they play an essential role in the pathomechanism of multiple myeloma and bone metastasis of tumors.

Differentiation of osteoclasts is supported by two essential cytokines, macrophage colony-stimulating factor (M-CSF) and receptor activator of NF-κB ligand (RANKL) ([@b1-molcell-37-10-747]; [@b16-molcell-37-10-747]; [@b25-molcell-37-10-747]; [@b33-molcell-37-10-747]; [@b34-molcell-37-10-747]). Binding of RANKL to its receptor RANK on the surface of precursor cells triggers formation of RANK-TRAF6 (TNF-receptor associated factor 6) complex, and this leads to activation of NF-κB and mitogen-activated protein kinases, including Jun N-terminal kinase and p38 ([@b15-molcell-37-10-747]). The strong induction of nuclear factor of activated T cells, cytoplasmic 1 (NFATc1) which is a master transcription factor of osteoclast differentiation ([@b28-molcell-37-10-747]) is required in osteoclastogenesis and this induction is dependent on both the TRAF6-NF-κB and the c-Fos pathways. Activated NFATc1 induces expression of many osteoclast-specific genes including *TRAP, Cathepsin K, Oscar*, and *Atp6v0d2* ([@b4-molcell-37-10-747]; [@b9-molcell-37-10-747]). Activity of NFAT members is regulated by its subcellular localization and nuclear export of NFAT members facilitated by phosphorylation. We have reported that glycogen synthase kinase-3β (GSK-3β) is inactivated by RANKL to induce NFATc1 expression and activation ([@b10-molcell-37-10-747]).

Protein kinase C (PKC) is expressed ubiquitously in many different cell types, where it regulates a variety of cellular processes that impact cell growth and differentiation, cytoskeletal remodeling, and gene expression in response to diverse stimuli. The PKC family comprises at least 10 mammalian isozymes of serine/threonine protein kinases ([@b21-molcell-37-10-747]) that can be grouped into three classes according to the presence or absence of motifs that dictate cofactor requirements for optimal catalytic activity ([@b23-molcell-37-10-747]). GSK-3β is intensively investigated serine/threonine kinase that phosphorylates and inactivates glycogen synthase in response to insulin stimulation ([@b17-molcell-37-10-747]). Extracellular stimuli promote GSK-3 inactivation by phosphorylating at the inhibitory serine residue (Ser9 for GSK-3β). A role for some PKC isoforms in GSK-3 inhibition has also been demonstrated ([@b6-molcell-37-10-747]), and Wang et al. showed downregulation of PKCβ1 by prolonged phorbolmyristic acid treatment in human colon cancer cells blocked neurotensin-mediated GSK-3β phosphorylation ([@b32-molcell-37-10-747]). PKCβ was shown to be involved in regulation of osteoclast formation and function by participating in ERK signaling pathway of M-CSF and RANKL ([@b18-molcell-37-10-747]). However, whether PKCβ-GSK3β axis is involved in RANKL signaling is unknown.

In this study, we investigated whether PKCβ plays a regulatory role by inactivating GSK-3β during RANKL-induced osteoclastogenesis. Interestingly, PKCβ inhibition showed a strong inhibitory effect on osteoclast differentiation and GSK-3β phosphorylation in RANKL-stimulated osteoclast precursors. We also show that the inhibition of PKCβ may provide a molecular basis for a new therapeutic approach to bone disorders.

MATERIALS AND METHODS
=====================

Cells and reagents
------------------

Primary bone marrow macrophages (BMMs) were generated from murine bone marrow precursors of 4-6-week-old male C57BL/6 mice (The Jackson Laboratory, USA) and cultured in α-minimum essential medium (α-MEM; HyClone, USA) supplemented with 10% fetal bovine serum (FBS) and antibiotics. Retrovirus packaging cell line, PLAT-E cells (kindly gifted from T. Kitamura, University of Tokyo, Japan) and macrophage cell line, RAW264.7 cells were maintained in Dulbecco's modified Eagle's medium (DMEM; HyClone) with 10% FBS and antibiotics. Gö6976 was purchased from Sigma (USA) and GF109203X and Rottlerin were obtained from Biomol (USA).

Protein analysis and fractionation
----------------------------------

Equal amount of cell lysates harvested under the indicated conditions were subjected to Western blot analysis using specific antibodies against NFATc1, PKCα, PKCβ, tubulin, β-actin (Santa Cruz Biotechnology, USA), GSK-3β, phospho-GSK-3β, phospho-PKCβ (Cell Signaling Technology, USA), TATA-binding protein (TBP) (Abcam, UK), and GAPDH (Ab Frontier, Korea). Anti-Atp6v0d2 antibody was kindly provided by Y. Choi (University of Pennsylvania, USA). Harvested cells were fractionated using Nuclear and Cytoplasmic Extraction Reagent (Pierce, USA) according to the manufacturer's protocol.

*In vitro* osteoclast differentiation
-------------------------------------

Osteoclasts were prepared from bone marrow cells using a standard method ([@b13-molcell-37-10-747]; [@b24-molcell-37-10-747]). In brief, bone marrow cells were cultured with 30 ng/ml M-CSF for 3 days to obtain osteoclast precursor cells of the monocyte/macrophage lineage. The precursors were cultured with 30 ng/ml M-CSF and 100 ng/ml RANKL for the indicated time periods. The PKC inhibitors including GF109203X, Gö6976, and Rottlerin were added at the time of RANKL addition. The osteoclast marker tartrate-resistant acid phosphatase-positive (TRAP^+^) cells with more than three nuclei or cells larger than 100 μm in diameter containing more than 20 nuclei were counted as TRAP^+^ multinucleated cells (TRAP^+^ MNCs).

Transfection and reporter assay
-------------------------------

RAW264.7 cells were seeded at a density of 10^5^ cells per well in a 12-well plate 1 day prior to transfection using Lipofectamine^TM^2000 (Invitrogen, USA) according to the manufacturer's protocol. RAW264.7 cells were cultured with or without RANKL (400 ng/ml) and Gö6976 for 2 days after transfection as indicated. Luciferase reporter constructs driven by the NFAT-responsive elements were described previously ([@b14-molcell-37-10-747]). Luciferase activity was measured by the dual luciferase reporter assay system (Promega, USA) according to the manufacturer's protocol and divided by the *Renilla* luciferase activity (control reporter) to normalize for transfection efficiency. Data were obtained from three independent transfections and presented as fold induction in luciferase activity \[mean ± standard deviation (SD)\] relative to the control.

RNA interference and retroviral infection
-----------------------------------------

Custom SMARTpool plus small interfering RNA (siRNA) to target mouse PKCα (catalog no. M-040348) was designed and synthesized by Dharmacon (Lafayette, USA). A pool of three target-specific siRNA for mouse PKCβ was purchased from Santa Cruz Biotechnology (sc-36255). siRNAs (20 nmol) were transfected into BMMs using Lipofectamine^TM^2000 (Invitrogen) according to the manufacturer's protocol. After transfection, BMMs were cultured with M-CSF and RANKL for 3--4 days and then harvested for protein analysis or differentiated into osteoclasts. RNA interference oligonucleotides targeting mouse PKCβ (5′-TCTGCTGCTTTGTTGTACA-3′) ([@b35-molcell-37-10-747]) were synthesized by Bioneer (Korea) and cloned into the retroviral short-hairpin RNA (shRNA) vector pSuper-retro Puro (OligoEngine, USA) following the manufacturer's protocol. The plasmids were transfected into PLAT-E cells using Lipofectamine^TM^2000, and the supernatant was collected 24--36 h after transfection. BMMs were cultured with viral supernatant for 6 h, and then changed to media with M-CSF and puromycin (2 μg/ml) for 2 days. Puromycin-resistant BMMs were cultured with M-CSF and RANKL for 3--4 days to generate osteoclasts.

Real-time polymerase chain reaction (real time-PCR)
---------------------------------------------------

Total RNA was isolated from cells using TRIzol Reagent (Invitrogen), and cDNA was synthesized by reverse transcriptase (Invitrogen). To quantify gene expression real-time PCR was performed on an ABI Prism 7000 sequence detection system (Applied Biosystems, USA) using KAPA SYBR FAST ABI Prism qPCR kit (KapaBiosystems, USA) according to the manufacturer's instructions. All reactions were run in triplicate and the mRNA copy number of a specific gene in total RNA was calculated and normalized to total RNA with GAPDH as the internal control. Primer sequences are listed in [Supplementary Table S1](#SD1){ref-type="supplementary-material"}.

RANKL-induced bone loss
-----------------------

PBS or RANKL (2 mg/kg) in a volume of 50 μl was injected subperiosteally in the midline calvaria of 6-week-old male mice at 2-day intervals for 6 days. Gö6976 was injected daily for 5 consecutive days starting from 1 day after the first RANKL administration. On day 7, osteoclast number per millimeter of trabecular bone surface, and the percentage of bone surface covered by osteoclasts (eroded surface) were measured as described previously ([@b3-molcell-37-10-747]; [@b27-molcell-37-10-747]). All mouse experiments were performed under an animal protocol approved by the Animal Care Committee of Ewha Laboratory Animal Genomics Center.

Statistical analysis
--------------------

Data are expressed as mean ± SD from at least three independent experiments. Statistical analyses were performed using the two-tailed Student's *t*-test to analyze differences among groups. *P* \< 0.05 was considered statistically significant.

RESULTS
=======

Effects of PKC inhibitors on osteoclast formation
-------------------------------------------------

We first investigated the effects of pharmacologically inhibiting PKCs on osteoclastogenesis. BMMs were stimulated with recombinant RANKL and M-CSF, and the formation of TRAP^+^ MNCs was analyzed. Inhibition of PKCs by the general PKC inhibitor GF109203X or PKCα/β inhibitor Gö6976, but not the PKCδ inhibitor Rottlerin, effectively suppressed formation of TRAP^+^ MNCs in a dose-dependent manner ([Figs. 1A and 1B](#f1-molcell-37-10-747){ref-type="fig"}), without a marked effect on cell viability (data not shown). These results suggest the importance of PKC family members such as PKCα and/or PKCβ in the differentiation process.

Inhibiting PKCα/β blocks NFATc1 induction and activation by RANKL
-----------------------------------------------------------------

To better understand the role of PKCα and PKCβ in osteoclast differentiation, we further assessed the effect of PKCα/β inhibition on NFATc1 induction in response to RANKL. Notably, the PKCα/β inhibitor Gö6976 significantly decreased NFATc1 level induced by RANKL both in the cytosol and nucleus compared to that of the control ([Fig. 1C](#f1-molcell-37-10-747){ref-type="fig"}). We also examined NFAT transcriptional activity with PKCα/β inhibition. For this, a reporter assay with a luciferase reporter plasmid driven by tandem NFAT binding sites in RAW 264.7 cells was performed. Cells treated with Gö6976 showed remarkably downregulated NFAT transcriptional activity in a dose-dependent manner, whereas control cells effectively elevated NFAT transcriptional activity caused by RANKL stimulation ([Fig. 1D](#f1-molcell-37-10-747){ref-type="fig"}). These results suggest that PKCα/β may play a role as a positive regulator to induce and activate NFATc1, which is critical for RANKL-induced osteoclastogenesis.

PKCβ but not PKCα is involved in osteoclast differentiation
-----------------------------------------------------------

To investigate a specific isoform necessary for RANKL-mediated osteoclast differentiation, we downregulated PKCα or PKCβ using RNA interference. Primary BMMs were transfected with siRNA targeting PKCα or infected with retrovirus expressing short-hairpin RNA targeting PKCβ. Notably, inhibiting PKCβ by RNA interference significantly suppressed osteoclast formation ([Fig. 2A](#f2-molcell-37-10-747){ref-type="fig"}), whereas downregulating PKCα did not change osteoclast formation ([Fig. 2B](#f2-molcell-37-10-747){ref-type="fig"}), suggesting that PKCβ is critical for osteoclast differentiation.

Induction and phosphorylation of PKCβ during RANKL-induced osteoclastogenesis
-----------------------------------------------------------------------------

To further confirm the role of PKCβ in osteoclast differentiation, we assessed the time course of PKCβ induction and phosphorylation in response to RANKL. As shown in [Fig. 3A](#f3-molcell-37-10-747){ref-type="fig"}, PKCβ mRNA remarkably increased compared to that of other PKCs ([Supplementary Fig. S1](#SD1){ref-type="supplementary-material"}), suggesting the importance of PKCβ in RANKL-induced osteoclastogenesis. Moreover, phosphorylation of PKCβ on the Ser660 residue, a carboxy-terminal hydrophobic site that is phosphorylated upon activation of cell surface receptors, increased following RANKL stimulation in BMMs ([Fig. 3B](#f3-molcell-37-10-747){ref-type="fig"}). Interestingly, phosphorylation of PKCβ was highly increased on day 2 after RANKL stimulation as the protein level of PKCβ increased gradually during osteoclast differentiation. Taken together, these results suggest that the induction and phosphorylation of PKCβ may be regulated by RANKL.

Inactivation of GSK-3β by PKCβ regulates osteoclast differentiation
-------------------------------------------------------------------

We have reported that inactivating GSK-3β through RANKL signaling is required for osteoclastogenesis ([@b10-molcell-37-10-747]). We investigated the signaling link between PKCβ and GSK-3β upon RANKL stimulation. As shown in [Fig. 3C](#f3-molcell-37-10-747){ref-type="fig"}, downregulating PKCβ by RNA interference significantly decreased GSK-3β phosphorylation and NFATc1 induction caused by RANKL stimulation. Inhibiting PKCβ with Gö6976 also suppressed phosphorylation of GSK-3β as well as induction of NFATc1 and Atp6v0d2 upon RANKL treatment ([Fig. 3D](#f3-molcell-37-10-747){ref-type="fig"}). To further confirm the signaling link between PKCs and GSK-3β, we examined the effects of PKCs inhibitors, including GF109203X, Gö6976, and Rottlerin on GSK-3β phosphorylation. Consistent with [Fig. 1](#f1-molcell-37-10-747){ref-type="fig"}, phosphorylation of GSK-3β by RANKL was remarkably inhibited by GF109203X or Gö6976, but not by Rottlerin, in a dose-dependent manner ([Supplementary Fig. S2](#SD1){ref-type="supplementary-material"}). Taken together, these data suggest that PKCβ regulates RANKL-induced osteoclast differentiation by inactivating GSK-3β.

Protective effects of PKCβ inhibition on RANKL-induced bone loss in mice
------------------------------------------------------------------------

To investigate the effects of pharmacologically inhibiting PKCβ in the RANKL-induced bone loss model, we injected RANKL or PBS together with Gö6976 subperiosteally into the midline calvaria of 6-week-old mice. The extent of bone erosion was notably reduced in Gö6976-treated mice, and the formation of TRAP^+^ MNCs was greatly suppressed in a dose-dependent manner ([Figs. 4A and 4B](#f4-molcell-37-10-747){ref-type="fig"}), suggesting that Gö6976 inhibits RANKL-induced bone loss *in vivo*. Thus, these results suggest that inhibiting PKCβ can provide a new therapeutic strategy targeting osteoclasts for treatment of bone diseases.

DISCUSSION
==========

Our study focused on elucidating the regulatory role of PKCβ in RANKL-induced osteoclastogenesis. Through the use of cellular and pharmacological approaches, we demonstrated a novel role for PKCβ as a positive regulator of osteoclast differentiation by inactivating GSK-3β, which is a negative regulator of NFATc1.

To examine the involvement of PKCs in osteoclastogenesis, we used the general PKC inhibitor GF109203X, the PKCα/β inhibitor Gö6976, and the PKCδ inhibitor Rottlerin. As shown in [Fig. 1](#f1-molcell-37-10-747){ref-type="fig"}, both GF109203X and Gö6976, but not Rottlerin, effectively suppressed osteoclast formation, suggesting that PKCα and/or PKCβ are involved in the differentiation process. We found that Gö6976 was able to block NFATc1 induction that is critical step for optimal differentiation of osteoclasts ([@b31-molcell-37-10-747]). Downregulation of PKCβ by RNA interference also resulted in a reduced number of osteoclasts consistent with Gö6976 treatment. However, downregulation of PKCα did not change osteoclast differentiation. Taken together, these findings suggest that among PKCs, PKCβ plays a role in RANKL-induced osteoclastogenesis.

The involvement of PKCβ in osteoclast differentiation was supported by our finding that PKCβ mRNA levels increased during osteoclast differentiation caused by RANKL compared to those of other PKC isoforms. Similarly, induction of PKCβ after RANKL stimulation was confirmed at the protein level. Interestingly, PKCβ phosphorylation significantly increased on day 2 of RANKL treatment, suggesting its activation in response to RANKL. Notably, the phosphorylation pattern coincided with the timing of RANKL-stimulated NFATc1 induction. It is plausible that PKCβ signaling in response to RANKL may contribute to NFATc1 induction, thereby promoting osteoclastogenic potential.

How does PKCβ signaling link to NFATc1? Our data prove that activation of PKCβ inactivates GSK-3β during osteoclast formation. In agreement with our findings, previous studies have reported that GSK-3β is the substrate for some specific PKC isoforms ([@b8-molcell-37-10-747]), including PKCα, PKCβ, and PKCγ. [@b30-molcell-37-10-747] reported that phosphorylation of GSK-3β is blocked by PKC inhibitors in response to cytokines such as interleukin-3 and granulocyte-macrophage colony-stimulating factor. In addition, a natural phospholipid, lysophosphatic acid utilizes a PKC-dependent pathway to modulate GSK-3β ([@b6-molcell-37-10-747]).

However, other signaling pathways regulating GSK-3β might be involved as well. It is well known that insulin and peptide growth factors such as insulin-like growth factor 1 and platelet derived growth factor regulate GSK-3β activity via the PI3K-Akt pathway ([@b5-molcell-37-10-747]; [@b6-molcell-37-10-747]; [@b22-molcell-37-10-747]). We have shown that this mode of GSK-3β regulation is required for osteoclast formation ([@b11-molcell-37-10-747]; [@b19-molcell-37-10-747]). This pathway acts through activating PI3K and Akt, phosphorylating GSK-3β, and downregulating NFATc1 induction. Therefore, it is likely that RANKL control GSK-3β through the PI3K-Akt module and through an alternative or redundant PKCβ-dependent pathway. The reason for the presence of the two independent pathways to inhibit GSK-3β is uncertain. Additional studies are required to determine more precisely the mechanism of how the two pathways coordinate to work together for optimal osteoclast formation.

Given the ubiquitous expression throughout various cell types and its role in multiple cellular functions ([@b20-molcell-37-10-747]; [@b29-molcell-37-10-747]), PKCs have been implicated in various diseases such as cardiovascular diseases, Alzheimer's disease, tumors, and autoimmune diseases ([@b7-molcell-37-10-747]; [@b12-molcell-37-10-747]). In our experiments, we showed the protective effects of PKC inhibitor, Gö6976 on RANKL-induced bone destruction in mice, suggesting the possibility of PKCβ as a therapeutic target for bone diseases. However, more studies on tissue-specific inhibition of PKCβ in skeletal tissues will be required because of the possible side effects on the immune system due to its importance in T-cell or B-cell mediated immune responses ([@b29-molcell-37-10-747]).

In summary, we demonstrated herein that PKCβ functions as a positive regulator in RANKL-induced osteoclast formation, a mechanism by which PKCβ functions occur through GSK3β-NFATc1 axis, and provides a rationale for therapeutic intervention of PKC in bone-related diseases.

Supplementary data
==================

Note: Supplementary information is available on the Molecules and Cells website ([www.molcells.org](www.molcells.org)).
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![Pharmacological inhibition of PKCα and β suppresses osteoclast differentiation and NFATc1 induction. (A) *In vitro* differentiation of osteoclasts with pharmacological inhibitors of PKCs. BMMs were cultured for 3 days with M-CSF and RANKL in the presence of GF109302X, Gö6976, and Rottlerin, respectively. TRAP staining was performed. Scale bar, 200 μm. (B) TRAP^+^ MNCs with more than 3 nuclei were counted. Data represent means ± S.D. ^\*\*^*P* \< 0.001 vs. positive control (RANKL). (C) Effect of Gö6976 on NFATc1 induction by RANKL stimulation. BMMs were cultured for 2 days with M-CSF and RANKL in the presence of 500 nM Gö6976. Fractionated nuclear and cytoplasmic lysates were analyzed by Western blotting with specific antibodies as indicated. Anti-tubulin and anti-TBP were used as the loading control for cytoplasmic and nuclear extracts. (D) Inhibition of NFATc1 transcriptional activity by Gö6976. RAW264.7 cells were transfected with an NFATc1 reporter construct and cultured with RANKL (400 ng/ml) and Gö6976 as indicated for 2 days, and then the transcriptional activity of NFATc1 was measured. The results shown are the mean of relative luciferase activity ± S.D. of at least three independent experiments. ^\*^*P* \< 0.01 vs. positive control. n.s., not significant.](molcell-37-10-747f1){#f1-molcell-37-10-747}

![PKCβ is positively regulates osteoclast formation. (A) Effect of siRNA against PKCα on RANKL-induced osteoclastogenesis. Nonspecific duplex was used as the negative control (s.c). Knockdown of PKCα was confirmed by Western blot analysis. (B) As in (A), except that BMMs were infected with shRNA specifically targeting PKCβ. PKCβ knockdown was confirmed by Western blot analysis. Relative band intensities of PKC and PKC were quantified and normalized based on the intensities of GAPDH and are indicated below each set of blots (in arbitrary unit). TRAP^+^ MNCs with more than 3 nuclei were counted. Data represent means ± S.D. ^\*^*P* \<0.001. n.s., not significant. Scale bar, 200 μm.](molcell-37-10-747f2){#f2-molcell-37-10-747}

![PKCβ inactivates GSK-3β and induces NFATc1 during RANKL signaling. (A) Induction of PKCβ during RANKL-induced osteoclastogenesis. BMMs were cultured with M-CSF and RANKL for the indicated time periods and expression level of PKCβ was analyzed for total mRNA by real-time PCR. GAPDH was used as an internal control for normalization. Data are means ± S.D. of PKC isoform/GAPDH. ^\*^*P* \< 0.01 (B) As in (A), except that total cell lysates were subjected to Western blotting with specific antibodies as indicated. The β-actin was used as the loading control. Band intensity of p-PKCβ and PKCβ was normalized and quantified using densitometry. (C) Effect of siRNA against PKCβ on NFATc1 induction during osteoclastogenesis. BMMs were transfected with 100 nM scrambled or PKCβ targeting siRNA and cultured with 100 ng/ml RANKL for 3 days. Whole cell lysates were analyzed by Western blotting using specific antibodies for PKCβ, p-GSK-3β, GSK-3β, and NFATc1. Anti-tubulin was used as the loading control. (D) Effects of Gö6976 (Gö) on GSK-3β phosphorylation and NFATc1 induction. BMMs were cultured with M-CSF and RANKL in the presence of DMSO (Con) or 50 nM Gö6976 for the indicated time periods. Total cell extracts were analyzed by Western blotting using specific antibodies as indicated. Anti-tubulin was used as the loading control. Relative band intensities (C, D) were quantified and normalized based on the intensities of tubulin and are indicated below each set of blots (in arbitrary units).](molcell-37-10-747f3){#f3-molcell-37-10-747}

![Effects of Gö6976 on RANKL-induced bone loss in mice. RANKL administered locally on calvarial bone of 6-week-old male mice induces bone destruction. Injecting Gö6976 inhibited RANKL-induced bone resorption by osteoclasts which increased in number in the RANKL-administered group compared to that in the control group (PBS). (A) Histology of the calvarial bone injected with PBS, RANKL, or two different doses of Gö6976 (TRAP and hematoxylin staining). Scale bar, 50 μm. (B) Eroded surface and the number of osteoclasts on calvarial bone section were measured and analyzed using Osteomeasure XP. Data represent means ± S.D. n = 5. ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01.](molcell-37-10-747f4){#f4-molcell-37-10-747}

[^1]: These authors contributed equally to this work.
